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Nomenclature
81 experimentally and computationally investigated the heat transfer characteristics of a 82 horizontal shell-and-tube heat exchanger LHTES system using RT50 as the PCM. It was 83 revealed that as the inlet HTF temperature increased from 70 to 80 °C, the total melting time 84 decreased by 37%, and the theoretical efficiency in charging and discharging processes raised 85 from 81.1% to 88.4% and from 79.7% to 81.4%, respectively. Seddegh et al.
[29] compared 86 heat transfer in horizontal and vertical shell-and-tube LHTES systems, and reported that the 87 hot HTF inlet temperature had a great impact on the heat transfer in both horizontal and 88 vertical systems. However, the HTF flow rate had a negligible effect on charging and 89 discharging processes in the LHTES units.
90
El-Sawi et al. [30] investigated the effect of HTF temperature, HTF flow rate and storage 91 length on the thermal performance of a centralized LHTES using RT20 as the PCM. It was 92 reported that longer storages could store higher amounts of energy; however, the effect of 93 HTF flow rate was negligible. Furthermore, the highest energy recovery was found to be for 94 cases having an HTF inlet temperature which was 10 °C above the mean PCM phase change 95 temperature [31] . Wang et al. [32] numerically investigated the effects of HTF inlet 96 temperature and mass flow rate on a horizontal shell-and-tube heat exchanger LHTES. The 97 results showed that the HTF inlet temperature greatly affected the time required to complete 98 the charging or discharging process. However, the HTF mass flow rate had little influence on 99 the amount of stored energy, whereas the time needed to complete the charging or 100 discharging process decreased nonlinearly as the HTF mass flow rate increased. They also 101 found that a longer storage had lower energy efficiency ratio, but higher heat storage rate 102 [33] . However, increasing the shell radius decreased both the energy efficiency ratio and the 103 heat storage rate. Thus, further research is needed to investigate the impact of the shell radius 104 on the system performance.
105
More recently, Tehrani et al.
[34] reviewed low to medium temperature shell-and-tube 106 LHTES systems and reported that the majority of the studies were numerical. Table 1 107 detailed the current research on the shell-and-tube LHTES systems. The only experimental 108 study (highlighted in the table) investigating the geometrical parameters in a vertical 109 cylindrical shell-and-tube storage considered constant tube radius and variable shell radius 110 [16] . In this study, the effect of geometric and operating parameters on a vertical shell-and-111 tube LHTES system is investigated. An experimental setup is developed for this purpose. Table 2 142 The PCM temperatures inside the four cylinders were measured by Type-T 143 thermocouples with an accuracy of ±0.2 °C. Eight thermocouples were mounted inside each 144 PCM cylinder as shown in Fig. 2 to monitor the temperature during the phase change process.
145 In order to compare the PCM thermal behavior between these vertical cylindrical containers, 146 four thermocouples were located at four levels with the same radial position being 20 mm 147 away from the outer surface of the HTF tube. Another four thermocouples were located at the 148 same four levels in the same radial position but being 5 mm away from the inner surface of 149 the cylinder to study the PCM status. Table 3 .
167
Insert Table 3 168 3. Experimental data reduction 169 In order to compare the performance of the different storage units, three parameters (i.e.
170 average PCM temperature, liquid fraction, and stored energy fraction) were introduced and 171 utilized in the study. These three parameters were calculated using a newly developed 172 weighting method which is similar to that reported in our recent publication [36] . The similar 173 weighting method was also used by Caron-Soupart et al. [37] . They used an interpolation and 174 extrapolation to obtain temperature values for some cells in the performance analysis of 175 thermal energy storage using phase change material. In our study, the direct experimental 176 data was used to determine the cells' temperature. The method was detailed below. 177 Insert Fig. 3 As presented earlier, the positions of the thermocouples were distributed at different 179 locations which were altered based on the tube radius in each experimental setup. Therefore, 180 the control volume around each node (see Fig. 3 ) had a different area (volume) due to the 181 thermocouple location in each test. A weight factor (ω) is then defined to take into account 182 the volume of the PCM, which is approximated by the corresponding node (thermocouple).
183 Thus, for node i:
184 where V i is the volume of the control volume surrounding node i as depicted in Fig. 3 and V t 185 are the total PCM storage volume. Thus, having the locally measured temperature values (T i ),
186 the average temperature of the storage is calculated by:
187
The liquid fraction at each thermocouple location is calculated where each location is 188 accounted as a separate node with its actual available temperature value. Therefore, according 189 to the measured temperature (T i ) at each node, three different options are possible based on 190 which the liquid fraction at each node is calculated:
191 where T s and T l are the solidus and liquidus temperatures, respectively. Once the nodal liquid 192 fraction values are calculated, the average liquid fraction would be:
193
To calculate the stored energy of the PCM, the same weighting approach was applied to 194 the nodal temperatures. The stored energy by each node was calculated by:
195 where T 0 is the initial temperature of the PCM storage (15 °C), which is used for both 196 charging and discharging processes. According to Table 3 , two different HTF temperatures of 197 70 and 80 °C are used in this study. Consequently, the final PCM temperature after the 198 charging process would be different not only among the cylinders, but also according to the 199 corresponding HTF temperature. In order to prevent ambiguity and enable solid comparison 200 of the results, the initial PCM temperature (15 °C) is considered constant in Equation (5). In 201 this way, under charging condition, the stored energy of the cylinders initiates from zero and 202 reaches a maximum value (Q max ), while under discharging process, the stored energy declines 203 from the maximum value back to zero. Then, the total stored energy of the PCM is calculated 204 using the weight factor:
Finally, the stored energy fraction would be:
In 325 fraction of the LHTES systems during the discharging process. As the shell to tube radius 326 ratio decreases from 8.1 (Cylinder A) to 2.7 (Cylinder D), the rate of the average PCM 327 temperature drop increases. This is mainly due to the large heat transfer rate caused by the 328 large heat transfer area in the cylinder with the large tube radius. Fig. 10b shows that the 329 solidification processes in all cylinders are much faster than the melting processes as shown 330 in Fig. 7b . This is mainly due to the temperature difference between the HTF and PCM phase 331 change temperatures which was much higher for the discharging process as compared to the 332 charging one. This also explains why the energy release in the discharging process is faster 333 than the energy storage in the charging process as shown in Fig. 10c . 377 At the constant Reynolds number of 23612, the corresponding flow rates were 5, 7.5, 10, and 378 15 L/min in Cylinders A, B, C, and D, respectively. This approach produces the same Nusselt 379 number in all tubes in the storage system. As the shell to tube radius ratio decreased from 8.1 380 to 2.7 between the Cylinder A and D, the charging, discharging and complete cycle times 381 decreased by 28%, 44% and 34%, respectively at both scenarios. Furthermore, the charging 382 and discharge times were almost the same in the same cylinder under different flow rates.
383 These comparison results indicated that the HTF flow rate has no significant effect on the 384 charging and discharging processes. This can be explained by the heat transfer coefficient. In 385 the storage systems, the heat transfer coefficient between the HTF and tube surface was much 386 larger than that between the tube surface and PCM. The heat transfer rate was dominated by 387 the heat transfer coefficient between the tube surface and PCM. Therefore, increasing heat 388 transfer rate by varying the HTF flow rate did not change the overall heat transfer from the 389 HTF flow to the PCM in the storage systems.
390
Insert Table 4 391 392 5. Optimal shell to tube radius ratio 393 Fig. 13 shows the variation of the charging and discharging times, stored energy and 394 average energy storage rate under different HTF temperatures and shell to tube radius ratios 395 at the HTF flow rate of 10 L/min. The stored energy at both temperatures is different at all 396 cylinders. This is due to (i) the higher temperature of the PCM leading to higher sensible heat 397 at the same cylinder (Accounting for 60 to 65% of the difference of the stored energy at two 398 temperatures depending on the cylinders) and (ii) the melting that is not complete when the 399 hot HTF temperature is 70 °C (Accounting for about 35 to 40 % of the difference). However, 400 the effect of the geometric parameter on the stored energy is the same at the both 401 temperatures. As the radius ratio increases, the charging as well as discharging time 402 increases. As shown in Fig. 13a , the charging time increases drastically under both HTF 403 temperatures when the radius ratio is larger than 5.4. This result indicated that the optimal 404 shell to tube radius ratio should be less than 5.4 in the studied LHTES systems. Furthermore, 405 as shown in Fig. 13b , as the radius ratio increased beyond 5.4, the increase in stored energy is 406 insignificant. On the other hand, for the radius ratios below 5.4, the stored energy decreased 407 sharply. Fig. 13b also shows that the average energy storage rate dropped from 84 to 40 kJ/hr 408 at 80 °C and from 36 to 16 kJ/hr at 70 °C, respectively as the shell to tube radius ratio 409 increased from 2.7 to 8.1. But the change of the average energy storage rate was more than 410 40% as the shell to tube radius ratio increased from 5.4 to 8.1 while it was less than 20% as 411 the shell to tube radius ratio increased from 2.7 to 4 and from 4 to 5.4 at both HTF 412 temperatures. By balancing the charging time, stored energy and average energy storage rate 413 in Fig. 13 , the optimal shell to tube radius ratio is around 5.4 in the studied configurations. 
